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1. Introduction

Hydrogenated microcrystalline silicon (.c-Si:H) has been exten-

Abstract: Metastability effects in hydrogenated microcrystalline silicon thin films due to air, high purity nitrogen, helium,
argon, and oxygen were investigated using temperature-dependent dark conductivity, photoconductivity, and steady-state
photocarrier grating methods. It was found that short-term air, nitrogen, and inert gases caused a small reversible increase of
Opark and 044, Within a factor of two, but they did not affect the minority carrier u7-products significantly. These changes are
partially reduced by vacuum treatment and completely reduced after heat treatment at 430 K. However, oxygen gas treatment
at 80 °C resulted in more than an order of magnitude increase in both op,,; and o0, and an increase in the diffusion length,
Lp, by 50% from that of the annealed-state value in highly crystalline samples, while no significant metastability is detected in
amorphous and low crystalline silicon thin films. A following heat treatment partially recovers both op,, and oy, to their
annealed-state values, while L, decreases only slightly. Such increase in the L, values could be due to a decrease in the density
of recombination centers for holes below the Fermi level, which may be related to passivation of defects by oxygen on the surface
of crystalline grains.

PACS Nos.: 73.61.Jc, 73.63.Bd, 73.50.Pz, 72.80.Ng.

Résumé : Nous étudions les effets de la métastabilité dans des films minces de silicium microcristallins hydrogénés da a de I’air,
de l’azote tres pur, de ’hélium, de I’argon et de I’oxygene, en utilisant la dépendance en température de la conductivité en
obscurité, la photoconductivité et la méthode de photocarrier grating en régime stationnaire. Nous trouvons qu’a court terme,
Pair, I'azote et les gaz inertes causent de petites augmentations réversibles de oy, €t 0010  I'intérieur d’un facteur deux, mais
n’affectent pas de facon significative les porteurs minoritaires u7. Ces changements sont partiellement réduits par un traitement
par le vide et le sont complétement apres chauffage a 430 K. Cependant, le traitement a ’oxygéne a 80 °C cause une augmen-
tation de plus d’un ordre de grandeur de oy, €t 00, €t Une augmentation de 50 % de la longueur de diffusion Ly, comparé a
la valeur d ’échantillons cristallins recuits, alors qu’aucune métastabilité n’est détectée dans les films minces de silicium
amorphe et faiblement cristallin. Un chauffage subséquent raméne partiellement o7y, €t 0010 @ leur valeur de recuit, mais Ly,
ne diminue qu’un peu. Une telle augmentation de L, pourrait étre due a une diminution de la densité des centres de recombi-
naison sous le niveau de Fermi et peut étre reliée a la passivation des défauts par I’oxygene sur les grains cristallins de la surface.
[Traduit par la Rédaction]

that both decrease and increase in op, occurred as high quality
nc-Si:H samples were exposed to atmospheric ambient, as well as
to oxygen gas [5]. Since then most of the investigations carried out

sively studied for the last two decades and successfully applied as
an absorber layer in thin film silicon solar cells [1, 2]. Materials
with significant crystallinity, and solar cells with such an absorber
layer, were found to be almost immune to the Staebler-Wronski
effect [3] discovered in hydrogenated amorphous silicon (a-Si:H)
thin films. However, optoelectronic properties of pc-Si:H films
showed metastable changes after intentional or unintentional ex-
posure to different atmospheric conditions [4, 5]. The first detailed
study of Veprek et al. indicated that dark conductivity, op, ., Of
highly conductive pc-Si:H films decreased by several orders of
magnitude after samples were exposed to air and (or) to pure
oxygen gas, indicating both reversible and irreversible changes
[4]. Almost two decades later, it was demonstrated by Finger et al.

on the metastability effects have used techniques that mainly
focus on the characterization of the majority carrier transport
properties [5-7|. It is important to note that such metastable
changes may eventually affect the operation of thin film silicon
solar cells, as the collection of charge carriers is determined by
both majority and minority carrier transport properties of the
absorber layer [8]. Even though similar transport models have
been proposed for the majority and minority carriers of a-Si:H and
wc-Si:H films deposited by very high frequency - plasma enhanced
chemical vapor deposition (VHF-PECVD) techniques, the metasta-
bility effects due to atmospheric exposures on the minority car-
rier transport properties were not clearly demonstrated in those
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reports [9-12]. Most recent investigation by Briiggemann et al.
indicated that no significant metastable changes in the minority
carrier transport properties were caused by the atmospheric ex-
posures even though large changes occurred in the op,, and
Ophoto [13], which were attributed to the band bending at the sur-
face due to charging of defects. In this study, careful attention has
been paid to obtain the steady-state condition of dark conductiv-
ity of samples before measuring the metastable changes in minor-
ity carrier diffusion lengths by using steady-state photocarrier
grating (SSPG) technique [14], and these results were correlated
with those obtained from temperature-dependent dark conduc-
tivity and steady-state photoconductivity methods.

2. Experimental details

Hydrogenated microcrystalline silicon thin films were depos-
ited on smooth glass substrates using the VHF-PECVD technique
under different silane gas ratios (SC = SiH,/(SiH, + H,)) and at a
substrate temperature of 190 °C. Thickness of the samples was
~300 nm. Their crystalline volume fraction, (I5° = (Ispo + Isz0)/(Lsso +
Is50 + Iso0)), Was obtained from Raman measurements changes
from 0 to 0.79. Silver coplanar electrodes were evaporated on the
samples with 0.5 cm length and 0.5 mm separation. The samples
were exposed to (i) ambient atmosphere at room temperature in
the dark to cause uncontrolled metastability effect as well as (ii) a
controlled gas ambient such as high purity nitrogen, helium,
argon, and oxygen in a vacuum cryostat. Inert gas and nitrogen
exposures were performed at 300 K, and oxygen gas treatment
was carried out at 353 K. To record the metastable changes created
in the sample, a computer-controlled time-dependent dark con-
ductivity measurement procedure has been developed and used
in this study as defined in ref. 15. Measurements to probe the
changes after treatments were performed at 300 K in the steady-
state condition of dark conductivity in both exposing gas ambient
as well as in high vacuum of 2-3 x 10-® mbar. Temperature-
dependent dark conductivity, intensity-dependent steady-state
photoconductivity (SSPC), and steady-state photocarrier grating
(SSPG) methods have been used to detect the changes in the meta-
stable state and after annealing. SSPC measurements were done
using He-Ne laser with photon flux ranging from 1 x 10%3 to
4 x 107 cm2s~L. SSPG measurements were performed for flux
values between 4 x 10'° and 2 x 10" cm~2s~! with an applied DC bias
in the ohmic and low field region, where only diffusion controlled
transport dominates. Minority carrier hole diffusion lengths,
Ly, were determined from the SSPG measurements by using
both nonlinear [14] and linear [16] fits of experimentally obtained
B (= Jeonllincon) Versus A results in (1) and (2), respectively,
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where ¢ fit parameter was defined as the grating quality parame-
ter [14]. Metastable changes in the majority and minority carrier
mobility-lifetime (u7), ,-products were obtained from the experi-
mental SSPC and SSPG measurements.

3. Results and discussion

3.1. The effects of inert gas and nitrogen exposures
Hydrogenated microcrystalline silicon thin films with high
crystalline volume fraction may represent both increase and de-
crease in room temperature dark conductivity [5] as samples are
exposed to open air or different gas ambient as well as subjected
to different heat or vacuum treatments. In addition, the changes
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Fig. 1. Time-dependent dark conductivity for a microcrystalline
silicon sample with Iés = 0.68 when exposed to inert gas and ni-
trogen ambients (symbols) and in the following vacuum process
(dashed, dotted, and dashed-dotted lines) carried out after each
exposure. Air-exposed state was first measured in air, then in
vacuum (black stars). SSPC and SSPG measurements were performed
as dark conductivity remained almost unchanged with time as
indicated by vertical arrows.
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Fig. 2. The effect of metastable changes on the (a) room temperature
Opark A0d Opp,000, and (b) minority carrier diffusion lengths, Ly, after
short-term air, inert gas, and nitrogen exposures and following
annealing processes for a pc-Si:H sample with I5° = 0.68.
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in op,y are also affected by the measurement ambient resulting
in large difference in air and in vacuum [13]. As a result, o Will
strongly depend on the sample history. It then becomes more
difficult to compare the results even on the same sample or with
results published in the literature for similar quality films char-
acterized using the same measurements [13, 16]. In Fig. 1, changes
in o, are presented for annealed p.c-Si:H samples with IIC{S =0.68,
as exposed to different ambients for up to 60 h. SSPC and SSPG
measurements were performed in gas ambient and in vacuum
when oy, Was almost stable with time. The dark conductivity
values, which are considered as “stabilized” and where further
SSPC and SSPG experiments were performed, are indicated by
vertical arrows in Fig. 1. A summary of room temperature op,
and oy, 1S presented in Fig. 2a for different gas exposures and
following annealing processes as explained above. It was found
that short-term air exposure, inert gasses, and nitrogen cause an
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Fig. 3. Experimental 3 versus grating period A for the annealed states
carried out after each inert gas and nitrogen treatment and for argon-
exposed state measured in vacuum for a p.c-Si:H sample with I5° = 0.68.
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increase in op,y and 0,4, in the metastable state. Such metasta-
ble increases in op,y and o4, Were found to be reversible after
an annealing process performed at 430 K. oy, Values measured
in exposing gas ambient are higher within a factor of two to three
than those measured in vacuum, while oy, values are almost
unaffected. The effect of metastable changes on minority carrier
diffusion lengths obtained from SSPG measurements is shown in
Fig. 2b for the above defined conditions. There is a slight increase
in L, after short-term air, inert gas, and nitrogen exposures within
5-10 nm, which is completely reversible by either vacuum or an-
nealing. This is presented in Fig. 3 that experimental 8 versus
A curves are almost identical for the annealed states measured
before and after inert gas and nitrogen treatments. Nonlinear fits
to the experimental data resulted in L, values of 214 + 3 nm in the
annealed states. Experimentally obtained oy, and Ly values
were used to calculate majority and minority carrier urproducts
for the annealed, inert gas, and nitrogen-exposed states. These
results are presented in Fig. 4 as a function of dark conductivity,
corresponding to the dark conductivity values shown in Fig. 2. It is
seen that majority carrier pur-products tend to increase with the
increase in op,. However, minority carrier prproducts are
slightly affected as previously reported by Briiggemann et al. [13].

We realize that the observed changes in the transport proper-
ties of the pc-Si:H materials upon storage or treatment of the
samples in inert gas or nitrogen are unexpected. Ar, He, and N,
molecule are electro-neutral and should not cause an induced
surface charge as they are in contact with the sample surface. In
an earlier report, where nitrogen exposure caused a reversible
dark conductivity decrease in highly crystalline and highly con-
ductive microcrystalline silicon films [17], the effect was attrib-
uted to the residual atmospheric gas impurities in the nitrogen
tank. We would not expect a similar source of contamination in
our study, where 5N grade high purity gases were used and gas
supply lines and the cryostat vacuum system was pumped and
purged several times before gas exposure and measurement. How-
ever, a remaining gas impurity cannot be 100% excluded. This or
possible other mediated effects by the storage and measurement
in Ar, He, and N,, such as small changes in sample temperature,
need to be further examined. We note that the effect is completely
reversible after annealing as generally observed for the metasta-
ble changes after short-term air exposure [4-7]. Furthermore, mi-
nority carrier diffusion lengths and prproducts for holes are
almost unaffected as previously reported for reversible conductiv-
ity changes [13].

3.2. The effects of oxygen exposures
Time-dependent o, Of a highly crystalline intrinsic sample
with IES = 0.79 is presented in Fig. 5. Oxygen exposure at 353 K

765

Fig. 4. Mobility-lifetime product for majority and minority carriers
obtained from steady-state photoconductivity and steady-state
photocarrier grating method as a function of dark conductivity
changes due to inert gas and nitrogen exposures and following
annealing processes for a p.c-Si:H sample with 125 =0.68.
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Fig. 5. Time-dependent dark conductivity for a high crystalline
microcrystalline silicon sample with I§° = 0.79 when exposed to
oxygen at 353 K, cooled to 300 K in O,, and following vacuum process at
300 K. SSPC and SSPG measurements were performed when op,,q
remained unchanged with time as indicated by vertical arrows.
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caused an increase in oy, more than three orders of magnitude
due to temperature and oxygen exposure. At the end of 160 h of
exposure, the sample was cooled to 300 K in oxygen ambient.
Room temperature o, decreased slowly until a constant steady-
state value, which was almost one order of magnitude higher than
that of the annealed state. After SSPC and SSPG measurements
were performed in oxygen ambient; the following vacuum pro-
cess caused further increase in oy, and reached a steady-state
value as seen in Fig. 5 [13]. Room temperature op,,,, increased by a
factor of 50 in the oxygen-exposed state and following annealing
process (Annealed2 in the figures) partially removed the metastability.

Steady-state photoconductivity measurements carried out at
the steady-state condition of oy, are presented in Fig. 6 for the
oxygen-exposed state and the annealed states performed before
and after the treatment. oy, versus flux increased by a factor of
two as measured in oxygen ambient (shown by up and down
triangles, respectively) without any change in the exponent v,
slope of o0, Versus flux in a Log-Log plot. However, a more
significant increase in oy, 0Occurred (shown by open circles) as
the sample was measured in high vacuum. Further increase in
Tphoto, a8 Well as a decrease in the exponent vy from 0.74 to 0.60,
was caused by the vacuum treatment as presented in Fig. 6. Such
a metastable increase in oy,., Was partially minimized by the
following annealing process, indicating that a presence of a par-
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Fig. 6. Steady-state photoconductivity versus incoming flux in the
oxygen-exposed state measured in oxygen and following vacuum as
well as in the annealed states before and after oxygen exposure for a
high crystalline microcrystalline silicon sample with IES =0.79.
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tial irreversible effect exists after oxygen treatment. Such an in-
crease in op,,y and oy, May be attributed to the adsorption and
bonding of oxygen on the surface of crystalline grains, causing a
shift of the Fermi level due to the changes in the surface charge or
changes in the density of defect distributions [6]. The changes in
the occupation of defect states in the bandgap through the recom-
bination process affect the majority and minority carrier urproducts.

In Fig. 7, the results of SSPG measurements are presented in a
form of so-called Balberg plot [18] for the air- and oxygen-exposed
states as well as for the annealed states carried out before and
after exposures. Ambipolar diffusion length, L, measured in O,
ambient after exposure increases from the annealed-state value of
175 nm to 200 nm. Further increase in L, was observed as the
sample was measured in high vacuum conditions, similar to dark
and photoconductivity results presented above. L, measured in
vacuum for the oxygen-exposed state is almost 50% higher than
that of annealed1 state measured before oxygen exposure. Such
improvement in minority carrier diffusion lengths in oxygen-exposed
state indicates that the density of recombination centers for the
minority carriers (holes) should decrease and prproducts for
holes should increase due to exposure to oxygen ambient. In
Fig. 8, wrproducts for majority and minority carriers are pre-
sented (filled symbols) as a function of room temperature dark
conductivity obtained in the exposed states as well as annealed
states for samples with I&° = 0.79. As op,, increases, majority
carrier pr-products show similar increase as in inert gas and
nitrogen-treated states presented in Fig. 4 [13]. However, ur
products for holes also increase with dark conductivity in contrast
to that observed for inert gas treated states (see Fig. 4). In addition,
the effect of oxygen on the pwrproducts for samples with IES =0.68
is also shown in Fig. 8 (open symbols). In this compact sample,
ur-products for holes increased irreversibly after oxygen exposure
even though changes in op,,y and oy, Were reversible.

The above results have shown that significant metastability and
instability effects can be created in microcrystalline silicon thin
films with IIéS > 0.68 by an exposure to oxygen gas. Similar exper-
iments were also carried out on amorphous and low crystalline
compact silicon films (12s = 0.27). A summary of the metastability
effect on conductivities and minority carrier diffusion length, Ly,
is presented in Fig. 9 as a function of crystalline volume fraction
Ilés. Very little changes were observed in amorphous and low crys-
talline compact silicon films, consistent with electron spin reso-
nance (ESR) study carried out on similar quality films under
similar oxygen treatment conditions [19]. Furthermore, the re-
versible and irreversible effects in ESR spin density due to oxygen
exposure were found to be larger in highly crystalline silicon films
classified as type I with I5° > 0.79 [19]. This class of materials has

Can. J. Phys. Vol. 92, 2014

Fig. 7. Linear plots (Balberg plots [18]) for (2/(1 — B))¥? versus 1/A?
obtained from SSPG measurements for the oxygen-exposed state
and annealed states carried out before and after exposure for a high
crystalline microcrystalline silicon sample with IES =0.79.
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Fig. 8. Mobility-lifetime products for majority and minority carriers
obtained from SSPC and SSPG methods as a function of dark conductivity
changes due to oxygen exposure and annealed states carried out before
and after exposure for pc-Si:H samples with It = 0.79 (filled
symbols) and IES = 0.68 (open symbols). Lines are guide to eye.
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Fig. 9. Summary of the changes after oxygen treatment for (a)
conductivities, the open symbols are for oy, and the filled
symbols are for oy, and (b) minority carrier diffusion lengths as a
function of crystalline volume fraction. The same symbols in (b)
indicate the same states in (a).
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porous microstructure and allows in-diffusion of oxygen and
other atmospheric gasses easily. It was reported that such a class
of microcrystalline silicon films were highly conductive in the
annealed state with activation energy between 0.1 and 0.25 eV
[4, 5, 16]. Their dark conductivity decrease more than an order of
magnitude after air and (or) oxygen exposure, resulting in an
increase in activation energy and an increase in ESR spin density
[4, 5,19]. The sample with higher crystalline volume fraction (IEs =
0.79) studied in this work can be considered as type I and porous in
nature. In contrast to previous reports, the conductivity type is
closer to an intrinsic case with an activation energy of 0.45 eV
before oxygen exposure and decreased to 0.33 eV after oxygen
treatment, resulting in an irreversible increase in op,,q and o0
in addition to the reversible changes removed by the annealing at
430 K. It was also found that minority carrier diffusion length, L,
and minority carrier (hole) urproducts showed significant in-
crease after oxygen treatment as shown in Fig. 8, which was also
partially irreversible. The irreversible changes in minority carrier
transport properties after oxygen exposure were not reported be-
fore, even though reversible changes due to short-term air expo-
sure and (or) inert gas treatment shown in Fig. 4 are consistent
with previous investigation [13]. The metastable changes in o,
and oy, Of compact samples with IES = 0.68 after oxygen treat-
ment are almost reversible without any change in the activation
energy of 0.48 eV. However, it was found that a further irrevers-
ible increase in minority carrier diffusion length and hole ur
products existed after the oxygen treatment as presented in Fig. 8
(open symbols).This indicates a decrease in the density of recom-
bination centers for holes below the Fermi level, similar to what
was found for highly crystalline samples. This could be caused by
the in-diffusion of oxygen through cracks and chemical bonding
on the surface of grain boundaries as suggested before [4-6, 16, 19].
This observation was independently confirmed by the sub-
bandgap absorption measurements that oxygen and water expo-
sure caused a significant decrease in the absorption coefficient
spectrum at sub-bandgap energy region due to a decrease in the
density of occupied defect states below the Fermi level [20]. There-
fore, the methods using the majority carrier transport properties
alone are not sufficient to understand the complex nature of
metastability effect in heterogeneous microcrystalline silicon
films as pointed out previously [13]. SSPG method provides addi-
tional information about the changes in the minority carriers
transport properties as reported here.

4. Summary and conclusion

The effects of gas exposure on the transport properties of pc-
Si:H films were investigated. A small reversible metastable in-
crease in op,e and oy, as well as in the minority carrier
diffusion length, L, was found upon short-term air, inert gas, and
nitrogen exposure of microcrystalline samples. This effect can be
minimized by a vacuum treatment and completely removed by
the following heat treatment. Majority carrier urproducts in-
crease with increasing dark conductivity. However, minority car-
rier ur-products are almost insensitive to the dark conductivity
changes consistent with previous reports. Exposure of the mate-
rials to oxygen results in large reversible and irreversible changes
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of the transport properties in highly crystalline silicon films. This
effect is more pronounced as measurements are carried out in
vacuum after the treatment of the sample in oxygen atmosphere
at 353 K. More than one order of magnitude increase in oy, and
Tphoto WAs Observed, which was completely reversible for compact
samples and partially irreversible for the highly crystalline porous
material. In addition, an irreversible increase in the minority car-
rier diffusion lengths and prproducts were observed after oxygen
treatment in both highly crystalline and compact materials. This
could be due to an apparent decrease in the density of recombi-
nation centers for holes below Fermi level in the oxygen-exposed
state, which in turn, may be related to passivation of defects on
the surface of grains by oxygen. Further investigation is necessary
to understand the nature and energy distribution of these defects
in the bandgap and changes created due to exposure of the mate-
rial to oxygen or water.
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